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We study the radiation emitted by a cavity moving in vacuum. We give a quantitative estimate of the
photon production inside the cavity as well as of the photon flux radiated from the cavity. A resonance
enhancement occurs not only when the cavity length is modulated but also for a global oscillation of
the cavity. For a high finesse cavity the emitted radiation surpasses radiation from a single mirror by
orders of magnitude. [S0031-9007(96)00676-X]

PACS numbers: 03.70.+k, 12.20.Ds, 42.50.Lc

Vacuum field fluctuations exert radiation pressureical signatures of motion induced dissipation. Further-
forces on any scatterer placed in empty space. For twmore, a cavity configuration should allow one to take ad-
mirrors at rest in vacuum, this effect has been known fovantage of resonance enhancement effects.

a long time as the Casimir effect [1]. It has more recently Motion induced radiation can be interpreted using
been recognized that dynamical counterparts of this statianalogies with optical parametric processes. It is well
force appear for moving scatterers. For some types dfnown that the cavity field is parametrically excited when
motion, the field does not remain in the vacuum state, buthe mechanical cavity length is modulated at a frequency
photons are produced through nonadiabatic processes [&qual to an even integer multiple of the fundamental opti-
Because of energy conservation, the scatterers’ motiocal resonance frequency. If the cavity field is initially in
then has to be damped out, and this damping may bthe vacuum state, this excitation leads to a squeezed vac-
associated with dissipative radiation reaction forces. uum state [4] which differs from the pure vacuum state

Motion induced effects of vacuum radiation pressure dand, in particular, contains photons. Compared to the sit-
not require the presence of two mirrors but already existiation with a single oscillating mirror, radiation is reso-
for a single mirror moving in vacuum. In this case, thenantly enhanced in this cavity configuration. More strik-
radiation reaction force is known to arise as soon as thagly, a resonant enhancement also exists when the cavity
mirror has a nonuniform acceleration [3]. The effects ofoscillates as a whole, with its mechanical length kept con-
radiation from a moving mirror and the associated radiatiorstant, at frequencies equal to odd integer multiples of the
reaction force raise intriguing questions with respect to théundamental optical resonance frequency. Motional radi-
standard mechanical description of motion. They implyation is in this case reminiscent of photon emission from a
that dissipative effects are associated with the motion ofingle oscillating mirror, however, with the difference that
mirrors in vacuum, although this motion has no furtherit is enhanced by the cavity finesse.
reference than vacuum itself. They thus seem to challenge A number of calculations has been devoted to the energy
the principle of relativity of motion. It would therefore be buildup inside a cavity with perfect mirrors [5]. However,
very important to obtain experimental evidence of thesehese calculations do not provide satisfactory answers to
dissipative processes associated with motion in vacuunthe previously discussed questions. They do not consider
However, vacuum radiation pressure scales as Planckibe photons radiated by the cavity since the latter is treated
constantz and produces therefore only small mechanicalike a closed system. Even for the photons produced
perturbations for any macroscopic mirror, so that theinside the cavity, the hypothesis of perfect mirrors amounts
feasibility of an experimental demonstration of motionto disregarding the important problem of finite lifetime
induced dissipation is usually considered to lie out of reaclof photons inside the cavity. In this Letter, in contrast,
of present technology. we study the configuration of a cavity built with partly

The aim of the present Letter is to show that quantitatransmitting mirrors. The cavity thus appears as an open
tive figures are greatly improved when the attention is fosystem able to radiate into the free field vacuum. At
cused onto the emission of radiation from an empty higlthe same time, the influence of the cavity finesse may be
finesse cavity oscillating in vacuum. Indeed, the numbeguantitatively evaluated.
of emitted photons is the ratio of the radiated energy to For simplicity, we limit ourselves here to two-
the photon energy and thus scalesiéls This argument dimensional space-time calculations. As is well known
clearly supports a detection of optical rather than mecharfrom the analysis of squeezing experiments, the trans-
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verse structure of the cavity modes does not changereation from vacuum is associated with a scattering
appreciably the results obtained from this simplifiedprocess from a negative frequeneyw’ to a positive
model. Each transverse mode is correctly described by fiequencyw. The radiation has to be summed over the
two-dimensional model as soon as the size of the mirrortvo output ports as indicated by the trdte
is larger than the spot size associated with the mode. The When theS matrix is evaluated in a first order expan-
two-dimensional model thus corresponds to a conservativsion in the displacement, which is valid for small displace-
estimate where one transverse mode is efficiently coupleshents in which we are interested here, the spectral density
to the moving mirrors. A more precise evaluation for an[w, w'] is proportional to the square modulus of the fre-
realistic configuration should take diffraction into accountquency componenig[w + '] of the displacement
and would probably lead to a result obtained by multiply-
ing the two-dimensional result by the Fresnel number, i.e.,
the number of efficiently coupled transverse modes [6].
Before studying the cavity configuration, we consider
briefly the case of a single moving mirror and calculate
the photon flux as well as the spectrum of the emitted
radiation. To derive the radiation, we use general argu-

ments associated with scattering theory, without SpeCIfIcl'his expression results from a linear approximation of the

assumptions on the form of the interaction betweef‘ MIMOL, otional perturbation of the field, but it is valid without
and field. This approach does not rely on a detailed mi-

. . . . any restriction on the motion’s frequency. It is directly
croscopic analysis ar_1d IS therefor_e a_lppl!cab_le to any typgonnected to the general relation which exists between
of mirror as long as its internal dissipation is negligible.

We disregard the recoil of the mirror which is supposed tothe motional perturbation of the scattering matrix and the

) . . radiation pressure force exerted upon the mirror [7].
haye a Macroscopic mass. To specify the scattering prop- In the following, we consider the case of a mirror
erties of the mirror, we introduce column matric®é$w ] '

which contain the components at a given frequencof following a harmonic motion at a frequen€y. Since we
. pone given 1req y expect the radiation of photons to be proportional to time,
the free fields propagating in opposite directions,

we focus our attention on a harmonic motion of amplitude

B(e) = 7 O(w)as., + 0(_&))611’_(0 o a during a timeT,
2w) | O(wa-, + 0(-w)al _, | 8q(r) = 2a codQr), 0<t<T. (6)
Field components with positive or negative frequenciesor a long oscillation timer’, we find the numben of
correspond, respectively, to annihilation-(,) and cre-  radiated photons to be defined per unit time,
ation (a;w) operators { is the Heaviside step function).

The transformation from the input fiel#;, to the output N _ 0_2[9 621_‘” 0(Q — 0)y[w,Q — 0] ()
0 T

nfw,w'] = wc_(;)’ Ylw, 0189w + o],
Yo, o'l =21 - slolslo’] + rlo]r[o'] 5)

+1 = s[lo]'s[oT + rlo]r[o'T).

one &, is described by a unitar§ matrix which con- T c?
tains the transmission and reflection amplitudés) and

; This result is similar to the expression one would obtain
r(w) at a given frequency

for the number of photons spontaneously emitted by an
slo] rlw] atom coupled to vacuum fluctuations, calculated with
Powlw] = |:r[a)] s[w]}bi“[w]' 2) Fermi’'s golden rule. Here the emission is generated
. . : : y the parametric coupling of the mirror's mechanical
The scattering of the field on a motionless mirror doc_es noﬁ,Iotion to vacuum radiation pressure rather than by the
&)upling of the atomic dipole to the vacuum field. Hence,
photons are emitted through a two-photon parametric
process rather than through a one-photon process. As is
well known, spontaneous emission is not accompanied by
! absorption processes because vacuum is the field ground
Dou[0] = ] 2 Slw, 00w’ (3) state. Here the same property entails that photons are
27 only emitted at frequencie® and '’ smaller than the
Assuming that the incoming field is in the vacuum statefrequency() of the mechanical motion. Each parametric
one obtains the following expression for the numbeof  process corresponds to the emission of two photons

preserved, as a consequence of unitarity.

When the mirror is moving, the frequency of the field is
changed by the scattering process, andsheatrix now
describes this frequency change,

photons radiated into vacuum by the moving mirror carrying away an energyiQ) = ii(w + '), so that
N — fwd_w]xd_w’ [ 3 the radiated energy may be obtained %ﬁhﬂ. This
Jo 20 )y 27 e, ol energy corresponds exactly to the work supplied by the

H @ , it mirror against the radiation reaction force, in absence of
nfw, '] = JTr Slo, ~0'lSlo, —0T). (4 other dissipative mechanisms. This consistency between
n[w,w'] is the spectral density which describes themechanical dissipation and optical radiation is ensured
number of particles present in the output field. Photorby expression (7) wher®y appears to be proportional to
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the noise spectrum at frequen€y of the fluctuations of N _ Z aia; (@ do Q - w)yi 0.0 — o]
vacuum radiation pressure experienced by the mirror [7]. 7 ~ 42 |, 27 @ @WIVijLe® @l
In the limiting case of a nearly perfect mirros ! ©))

0;r — —1), we obtain a simplified expression for the

number of radiated photons As in the case of a single mirror, the functiopg already

appear in the evaluation of motional forces, and they
have been studied previously [8]. We introduce here

N 842 (?dw 24203 simplifying assumptions allowing one to obtain analytical
T 2 Ny w(Q - w) = 3mc? expressions for the mptlonal radiation. !n th_e frequency
) range[0, Q)] one can in a good approximation assume

N = E(ﬂ) , v =20a. (8) the reflection coefficients; andr, of the two mirrors to
6w \c be real and frequency independent. In the following we

are concentrating on the most interesting case where the

Expression (8) forV is a product of two dimensionless cavity has a high finesse which implies that bettrandr,

factors, namely, the number of mechanical oscillatior2™® close to unity. Since the functionglw, o] e.Xh'b',t
periods during the tim@ and the square of the maximal '€Sonances when one of the emission frequenaies o’
velocity v of the mirror divided by the velocity of light COrresponds to a cavity mode, we will keep the reflection
c. A characteristic feature of motion induced radiation,Coefficients, which appear in their denominators and thus
which could be used in an experiment to distinguish itdeter_mme their resonant b_ehawor. I_n contrast, We.W|II_set

p unity the reflection coefficients acting only as weighting
actors in the numerators. With these assumptions the
functions y;; only depend on the product;r, of the
reflection coefficients which we denote

from spurious effects, is the parabolic shape of its spectra#
density with a maximum ab = /2.

The derivation of motion induced radiation is similar in
the case of two moving mirrors. Assuming the two mirrors
follow a harmonic motion at the same frequer@ywith
respective amplitudes (i = 1,2), we deduce the number
of photons radiated per unit time to be |

yilo, '] = yyplo, o'l =4 + 4D [0]D[0’], yilo,o'] = yule,0'] = 4D _[w]D_['],

Fir = e 2P, p K1, (20)

wherel/p measures the cavity finesse. They then read

o

sinh(2p) P
D = =
+e] cosh2p) — cof2wT) kzz_:w p? + (w7 — km)?’ (11)
2 sinh(p) cogw7) d (—D*p
D_[w] = - =D = .
cosl2p) — co2wr) 4=, p? + (0T — k)
T is the time of flight of a photon from one mirror to N _ Q3 (ai + ad) 4 - N
the other. With the exception of the first termyn,, all T 37c? e T
terms contain denominators clearly associated with the p 1k kKo 4p['a1 — ()R g,
presence of the cavity. T T er o7 402 + (Qr — km — k)2
We can now calculate the emitted photon number by ToeToerap TR ™ (12)

performing the integration (9) for the various Lorentzian
components of the spectrum. Using the assumption of @he photon flux outside the cavity can also be written by
high finesse cavity we find | resumming the contributions of all modes,

Q <QZ _ 7T_2> Slnr(zp) ((11 + (12)2 Q < 2 7T_2> Slnf’(2p) (Cll - 02)2
6mc? 72 ) cosi2p) + coqQ7) 6mc? 72 ) cosi2p) — coqQ7) "
(13)

— 2 2
= 3. (a7 + a3) +

N_o
T

The first term in these expressions is a nonresonant cotthe optical modes of frequencigés- /7 andk’7 /7. Com-
tribution coming from direct reflection of vacuum fluctua- pared to the result obtained for a single mirror, the radi-
tions on both sides of the cavity. All other terms describeated photon flux is enhanced by a resonance factor which
resonances of the motional radiation occurring when thés essentially the cavity finesse. For the lowest mechan-
mechanical excitation frequendy is close to an integer ical resonance af) = 27 /7, only one intracavity mode
multiple of the fundamental optical resonance frequencys excited ¢ = k¥’ = 1). This corresponds to the situation

7 /7. Ny describes parametric emission of radiation intostudied in most works on intracavity field buildup [5]. In
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the more general frame developed in the present Lettemechanical resonances goes to infinity. This shows that
higher resonance frequencies exist, giving rise to severghe simple model which treats the cavity as a closed
emission peaks. The emission peaks all have the sansystem misses important physical phenomena.

spectral width given by the cavity finesse, and their rela- To be more specific about the orders of magnitude,
tive intensities reproduce a parabolic spectrum, as the orlet us recall that we have assumed the input fields to
obtained for a single moving mirror, however, with a largebe in the vacuum state. This assumption requires the
resonant enhancement. The information contained in theumber of thermal photons per mode to be smaller
set of peaks can again be used to distinguish motion inthan 1 in the frequency range of interestd < kz®
duced radiation from spurious effects. with kp the Boltzmann constant arfd the temperature).

In Eq. (12), even modeQ = 27 /7,47 /7,... appear Low temperature technology thus points to experiments
as elongation modes which correspond to a periodiusing small mechanical structures with optical resonance
modulation of the mechanical cavity length. In contrastfrequencies as well as mechanical oscillation frequencies
odd moded) = 37 /7,57 /7,... are excited by a global in the GHz range. In this frequency range, the finesse
translation of the cavity with its length kept constant.of a superconducting cavity can reaté® [9]. A peak
The latter effect is thus reminiscent of radiation of velocityv = 1 m/s, corresponding to an amplitude in the
a single oscillating mirror, since the cavity moves innm range, would thus be sufficient to obtain a radiated
vacuum without any further reference than vacuum itselfflux of 10 photons per second outside and a stationary
However, radiation is now enhanced by the cavity finessenumber of10 photons inside the cavity. It is important
These two kinds of vibration modes, which appear toto emphasize that the peak velocity considered in the
be contrasted in a mechanical point of view, have beepresent analysis is only a small fraction of the typical
obtained in a unified manner in our scattering approacisound velocity in materials so that fundamental breaking
which deals with the field bouncing back and forth inlimits do not oppose these numbers. The photons may
the cavity. The basic reason for this similar descriptionbe detected outside the cavity by performing sensitive
within the scattering formalism is that the optical lengthphoton-counting detection of the radiated flux. Inside the
as seen by the field varies in the same way for botltavity the state of the field could be probed with the help
kinds of modes, although the mechanical cavity length iof Rydberg atoms [9]. Therefore, if a technique is found
modulated in one case and constant in the other one.  to excite a vibrating motion with the above characteristics,

To estimate the stationary number of photons insidghe challenge of an experimental observation of motional
the cavity, we may use a simple balance argument. Eadtadiation in vacuum can be taken up.
photon has a probabilitdp of escaping from the cavity =~ We would like to thank M. Devoret, D. Estéve, T.W.
during each round-trip timér. As we know the photon Ha&nsch, S. Haroche, P.A. Maia Neto, and J.-M. Raimond
flux emitted by the cavity per unit time, we can deducefor useful discussions.
the number of photongV, ,» produced by the oscillation
in a pair of cavity modes,

/ — (1)K, T2
Ny = ko k'm 22[01 (_1) jlz]l _ (4
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